Postharvest heat treatment stimulates desiccation and browning of outer scales of onion 22 (Allium cepa. L) bulb to dry papery skins. Inner scales resist the heat treatment, as evidenced 23 by high moisture levels. During heating, inner scales showed increasing soluble sugar levels 24 followed by higher osmolarity, vs. a dramatic decrease in both in the outer scales. Exogenous 25 feeding of outer scales with sucrose, glucose or fructose solutions before heat treatment 26 reduced water loss during heating, suggesting a role for soluble sugars in water retention and 27 therefore, heat tolerance. Vacuolar invertase (VInv) is a key enzyme regulating the levels of 28 sucrose, glucose and fructose in plant tissue. VInv-silencing in potato plants prevented the 29 accumulation of reducing sugars in heated leaves, increasing water loss. In onion outer 30 scales, VInv activity increased during heating but reducing sugars decreased, possibly due 31 to their rapid metabolism during scale senescence to form skin. Transcriptomic analysis 32 demonstrated upregulation of genes involved in lignin biosynthesis and secondary cell-wall 33 formation in outer scales during heat exposure, and upregulation of genes involved in 34 energy-related pathways in inner scales. This study reveals the dual role of soluble sugars in 35 different onion scales, as osmoprotectants or building blocks, under heat stress. 36 37 invertase. 39 40 41 42
Introduction 6
Detached outer scales were surface-sterilized with 0.1% (v/v) sodium hypochlorite and 139 0.02% (v/v) Tween 20 for 5 min, followed by washing with sterile water for 10 min. The 140 outer scales were then dried for 5 min and placed in a 500-mL sterile beaker containing 0, 141 100, 300 or 600 mM sucrose, glucose or fructose solutions, and incubated at 14 °C in the 142 dark for 24 h. After incubation, outer scales were carefully rinsed with sterile water for 5 143 min and exposed to heat treatment as described above, for 6 days. Scales were sampled daily 144 during the heating for osmolarity and water-loss measurements.
146
Relative water content 147 Water loss from the exposed scale was determined by measuring RWC during the heat 148 treatment, as described by Galsurker (2018) . The heated detached scales were sampled as 149 follows: six 2-cm diameter discs were punched from each scale with a cork borer and 150 weighed for initial FW. The discs were then soaked in distilled water for 24 h at RT, and 151 carefully blotted dry with tissue paper to determine their saturated weight (SW). The discs 152 were then dried in an oven at 70 °C for at least 24 h to measure the DW. RWC was calculated Enzyme extraction and activity measurements 158 VInv activity was measured as described previously (Miron and Schaffer, 1991) , with minor 159 modifications. Outer and inner powdered scale material (1 g DW) was dissolved in 5 mL 160 extraction buffer containing 25 mM HEPES-NaOH, 7 mM MgCl2, 0.5 mM EDTA, 3 mM 161 DTT, and 2 mM diethyldithiocarbamic acid, pH 7.5. After centrifugation at 18,000 g for 30 162 min, the supernatant was dialyzed overnight against 25 mM HEPES-NaOH and 0.25 mM 163 EDTA, pH 7.5, and used as a crude extract. VInv activity was measured by incubation of 0 osmolarity level that increased slightly from 455 to 528 mosmol kg -1 during the first 2 days 183 of heating and then stabilized until day 6 ( Fig. 1A) . In contrast, the osmolarity of the outer 184 scale, which initially had lower levels of 409 mosmol kg -1 , decreased gradually to 276 185 mosmol kg -1 during the 6 days of heat treatment, suggesting that outer scale desiccation is 186 associated with a decline in osmolarity level ( Fig. 1A) . Exogenous sugar feeding induces higher osmolarity levels and heat tolerance 205 We hypothesized that soluble sugar content directly contributes to the observed increase in 206 osmolarity and reduced water loss in the inner scale tissue during exposure to heat. We tested 207 this hypothesis by feeding outer scales with a solution containing glucose, fructose, or 208 sucrose and followed the consequences on osmolarity and water loss. Detached outer scales 209 were immersed in 100, 300 and 600 mM solutions of glucose, fructose or sucrose, and 210 incubated in the dark at 14 °C for 24 h. To detect sugar penetration into the scale tissue, we 211 quantified its level after sugar feeding, prior to the heat treatment. Higher levels of sugars 212 were found in the outer scales that were fed with sugars compared to the non-fed controls, 213 demonstrating that the three sugars could penetrate the scale ( Supplementary Fig. S1 ). After 214 sugar feeding, the scales were exposed to heat treatment for 6 days. Glucose, fructose and 215 sucrose feeding only increased osmolarity at the higher doses of 300 and 600 mM, with no 216 significant differences among sugars ( Supplementary Fig. S2 ). During heating, the scales 217 that were fed sugars maintained high osmolarity levels, while osmolarity decreased in the 218 non-fed scales ( Fig. 2A ). Scales that were fed with any of the three sugars retained high 219 RWC values, between 85 and 90%, compared to the non-fed scales that showed an average 220 82% RWC after 6 days of heat treatment (Fig. 2B ). This experiment suggested that elevated 221 sugar content reduces outer scale desiccation through an increase in tissue osmolarity.
223
VInv silencing increases susceptibility to heat 224 VInv is a key enzyme responsible for the level of sucrose and its hydrolysis products, glucose 225 and fructose. Silencing of VInv in potato plants results in effective prevention of sucrose 226 degradation (Bhaskar et al., 2010; Salam et al., 2017) . To study the possible involvement of 227 osmolarity, as affected by soluble sugar content, on heat tolerance of plant tissue, we used 228 three independent VInv-silenced lines of RBK potato (Zhu et al., 2016; Zhu et al., 2014) .
229
Leaves from these lines have reduced levels of glucose and fructose (Zhu et al., 2014) .
230
During 8 days of heat treatment (30 o C at 65% RH), leaves of the three VInv-silenced lines-231 RBK1, RBK22 and RBK46-lost more water than the wild-type (WT) leaves (Fig. 3) . The Heat treatment induces accumulation of VInv activity only in the outer scale 239 We hypothesized that sugar metabolism in the onion scale contributes to the increase in 240 osmolarity, similar to the effect of sugar feeding (shown in Fig. 2 ). As supported by the 241 consequences of VInv silencing in potato leaves, this enzyme may play a role in determining 242 sugar levels and consequently, water loss during heat stress. We examined possible VInv formation in the outer scale ( Fig. 5A, B ; Supplementary Table S1 ). These results suggest 267 that the soluble sugars in the outer scales are used as building blocks for the synthesis of 268 structural carbohydrates, and thus their levels decrease as part of outer skin development.
269
The inner scale showed heat resistance and maintenance of viability. Genes involved 270 in energy-related pathways, such as glycolysis and the tricarboxylic acid (TCA) cycle, were 271 upregulated in the inner scale during the heat treatment (Fig. 5C, D) . After glycolysis, the 272 respiratory mechanism continues with the TCA-cycle reactions. The pyruvate produced in 273 glycolysis can be transported to the mitochondria where it is oxidized to acetyl-CoA and 274 CO2 by pyruvate dehydrogenase (Werner et al., 2011) . In the inner scale, genes involved in 275 the TCA cycle were significantly induced following the heat treatment, and were highly 276 expressed compared to the levels measured in the outer scale (Fig. 5D ). outer scale led to an increase in its osmolarity and therefore, to a reduction in water loss 298 following heat treatment (Fig. 2) , supporting the role of these soluble sugars in osmotic 299 adjustment and heat tolerance. In other studies, exogenous application of glucose during salt 300 stress of wheat seedlings increased DW, maintained ionic homeostasis, induced proline 301 accumulation, prevented water loss and activated antioxidant enzymes (Hu et al., 2012) . In 302 rice, glucose and fructose functioned as osmoprotectants and free-radical scavengers under 303 salinity stress (Pattanagul and Thitisaksakul, 2008) . Furthermore, soluble sugars are 304 associated with ROS anabolism and catabolism, such as the oxidative pentose phosphate 305 pathway involved in ROS scavenging (reviewed by Couée et al., 2006) . In higher plants, a 306 diverse variety of soluble sugars, such as glucose, sucrose, fructose, raffinose and stachyose 307 are known to provide freezing tolerance (Yuanyuan et al., 2009 ). These sugars not only act 308 as osmoprotectants but also protect membranes by allowing adaptation to drought or chilling 309 stress through their interaction with the lipid bilayer (Garg et al., 2002) . Our experiments 310 using VInv-silenced potato plants showed a decline in reducing sugar content compared to 311 the WT, which increased their susceptibility to heat stress and elevated water loss in their 312 leaves under heat treatment (Fig. 3) . These results also support a role for soluble sugars as 313 contributors to osmotic adjustment, thereby promoting heat tolerance in other plant tissues.
315
Outer scale sugars are rapidly metabolized during heating 316 In contrast to the inner scale that maintains high osmolarity, possibly as a result of retaining 317 high levels of soluble sugars, in the outer scale, both osmolarity and hexose levels decreased 318 significantly in response to heat treatment (Fig. 1) . Lower levels of hexoses were found to 319 be associated with a higher level of VInv activity, and with increasing DM content in the 320 outer scale under heating (Fig. 4) . These results might be explained by rapid metabolism of 321 the hexoses in the outer scale as part of its senescence process. Sugars can act as nutrients as 322 well as regulators of metabolism, growth, stress responses and developmental senescence 323 (O'hara et al., 2013; Rolland et al., 2006; Rolland et al., 2002) . The older outer scale, a The differential response of detached outer and inner bulb scales to heat stress suggests the 341 activation of different cascades of events leading to skin formation and viable heat 342 resistance, respectively (Fig. 6 ). While the inner scales maintained high osmolarity, DM and 343 sugar levels, all of these factors were dramatically reduced in the outer scales. In both onion 344 scales and potato leaves, high osmolarity, caused by a high level of soluble sugars in the 345 plant tissue, inhibited water loss. The transcriptome analysis in this study led to a putative 346 model for the differential heat responses of the outer and inner scales (Fig. 6) . The model 347 suggests that the inner scales express heat tolerance, as compared to the heat susceptibility 348 of the outer scale that results in browning and skin development (Fig. 6 ). This differential 349 response can be explained by the different physiological ages of the scales, with older ones 350 on the outside and younger ones toward the inside (Brewster, 2008; Galsurker et al., 2017) .
351
The different biological processes suggested to occur by our study in the inner and outer Table S1 . Gene abbreviations and their full names; presented according to the functional groups in Fig. 5 . 
